Received: 22 September 2023 Accepted: 17 October 2023

DOI: 10.1097/HC9.0000000000000333

ETAASLD

ORIGINAL ARTICLE
| OPEN J

Deep learning quantification reveals a fundamental
prognostic role for ductular reaction in biliary atresia

liris Nyholm"2 @ | Nelli Sjoblom® © | Marjut Pihlajoki’ © | Maria Hukkinen' © |
Jouko Lohi®* | Paivi Heikkila®> | Aino Mutka®® | Timo Jahnukainen* © |

Mark Davenport® © | Markku Heikinheimo®®’ © | Johanna Arola® © |

Mikko P. Pakarinen’?2

"Section of Pediatric Surgery, Pediatric Liver and Gut Research Group, Children and Adolescent Department, New Children’s Hospital, University of Helsinki and
Helsinki University Hospital, Helsinki, Finland

2Pediatric Research Center, Children and Adolescent Department, New Children’s Hospital, University of Helsinki and Helsinki University Hospital, Helsinki, Finland
3Department of Pathology, University of Helsinki and Helsinki University Hospital, Helsinki, Finland

“Department of Pediatric Nephrology and Transplantation, New Children’s Hospital, University of Helsinki and Helsinki University Hospital, Helsinki, Finland
SDepartment of Pediatric Surgery, King’s College Hospital, London, UK

6Depar‘(ment of Pediatrics, Washington University School of Medicine, St. Louis Children’s Hospital, St. Louis, Missouri, USA

"Department of Pediatrics, Center for Child, Adolescent, and Maternal Health Research, Faculty of Medicine and Health Technology, Tampere University, Tampere,
Finland

8Department of Women’s and Children’s Health, Karolinska Institute, Stockholm, Sweden

Correspondence
liris Nyholm, Pediatric Research Center, Abstract
Children and Adolescent Department, . . . . - .
Biomedicum 2U, Tukholmanﬁatu 8, Helsinki Background: We aimed to quantify ductular reaction (DR) in biliary atresia
00290, Finland o using a neural network in relation to underlying pathophysiology and
Email: iiris.nyholm@helsinki.fi .
prognosis.

Mikko P. Pakarinen, Section of Pediatric . - :
Surgery, Children and Adolescent Department, Methods: Image-processing neural network model was applied to 259
Now Chitren s Hospital, Stenbackinkatu 11, cytokeratin-7—stained native liver biopsies of patients with biliary atresia and

elsinki , Finland.
Email: mikko.pakarinen@hus fi 43 controls. The model quantified total proportional DR (DR%) composed of

portal biliary epithelium (BE%) and parenchymal intermediate hepatocytes
(PIH%). The results were related to clinical data, Sirius Red—quantified liver
fibrosis, serum biomarkers, and bile acids.

Results: In total, 2 biliary atresia biopsies were obtained preoperatively, 116
at Kasai portoenterostomy (KPE) and 141 during post-KPE follow-up. DR%
(8.3% vs. 5.9%, p=0.045) and PIH% (1.3% vs. 0.6%, p=0.004) were
increased at KPE in patients remaining cholestatic postoperatively. After KPE,
patients with subsequent liver transplantation or death showed an increase in
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DR% (7.9%—9.9%, p = 0.04) and PIH% (1.6%—2.4%, p = 0.009), whereas
patients with native liver survival (NLS) showed decreasing BE% (5.5%—3.0%,
p = 0.03) and persistently low PIH% (0.9% vs. 1.3%, p = 0.11). In Cox
regression, high DR predicted inferior NLS both at KPE [DR% (HR = 1.05,
p = 0.01), BE% (HR = 1.05, p = 0.03), and PIH% (HR = 1.13, p = 0.005)]
and during follow-up [DR% (HR = 1.08, p<0.0001), BE% (HR = 1.58,
p = 0.001), and PIH% (HR = 1.04, p = 0.008)]. DR% correlated with
Sirius red—quantified liver fibrosis at KPE (R = 0.47, p <0.0001) and follow-up
(R = 0.27, p = 0.004). A close association between DR% and serum bile
acids was observed at follow-up (R = 0.61, p<0.001). Liver fibrosis was
not prognostic for NLS at KPE (HR = 1.00, p = 0.96) or follow-up (HR = 1.01,
p = 0.29).

Conclusions: DR predicted NLS in different disease stages before trans-

INTRODUCTION

Biliary atresia (BA) is a severe cholangiopathy of
infancy characterized by progressive fibro-inflammatory
obliteration of the biliary tree.[l Although the first-line
surgery, Kasai portoenterostomy (KPE), normalizes
serum bilirubin levels by restoring the bile drainage in
most cases, progression of the underlying cholangiop-
athy necessitates liver transplantation (LT) before
adulthood in 70%—80% of the patients.23l Thus, BA
remains the most common indication for LT in children
worldwide.!

Ductular reaction (DR) is a prominent feature of liver
pathology in cholangiopathies such as BA.%! In addition
to compensatory bile duct proliferation, DR encom-
passes enhanced angiogenesis and inflammation,
which together with reactive neocholangiocytes is
thought to promote extracellular matrix accumulation by
myofibroblasts."-9 DR is closely related to hepatocyte
senescence and fibrogenesis in hepatobiliary injury,
and blocking DR reduces liver fibrosis in preclinical
studies.l%1" The cellular origin of the newly forming bile
ducts in DR is not fully established, but in addition to
cholangiocyte self-proliferation, neocholangiocytes may
originate from the differentiation of hepatic progenitor
cells and/or transdifferentiating hepatocytes.®l The
main cellular components of DR can be visualized
immunohistochemically as cytokeratin-7 (K7)-positive
portal cholangiocytes and intermediate hepatocytes
within the parenchyma.l®'2 Although conventional
histopathology shows limited correlation with BA
outcomes,’® 13! the degree of K7-positive bile duct
expansion at KPE has been associated with native
liver survival (NLS) and liver fibrosis in few studies with
a limited number of patients,['*-'"] suggesting that DR

plantation while associating with serum bile acids after KPE.

could bear important pathophysiological implications in
the progression of BA liver injury.

Emerging quantitative histopathological analyses
have proved to outperform manual scoring in repro-
ducibility and the ability to manage complex features
of various diseases and tissues.['®201 A recently
published image-processing neural network of K7-
stained liver sections developed for primary sclerosing
cholangitis showed improved performance in identify-
ing various DR components with accuracy beyond the
reach of manual scoring and enhanced prognostic
value.[?122

Here, we aimed to address the prognostic and
pathophysiological significance of DR in BA by develop-
ing and applying a histopathological neural network
model to a large cohort of native liver biopsies obtained
over different disease stages, at KPE and during
postoperative follow-up until LT. Model components were
related to essential outcome variables and to explanatory
factors including serum liver biochemistry, bile acids, and
novel biomarkers previously shown to associate the
progression of DR in a limited series of BA.[25-25

METHODS
Patients and liver biopsies

All patients with BA with available native liver biopsy
specimens obtained at KPE (n = 63) and/or postoperative
follow-up (n = 76) during 1990-2020 in Helsinki University
Hospital (Finland) or at KPE (n = 53) during 20052012 in
King's College Hospital (London, UK) were included
(Figure 1). After excluding unrepresentative and poor-
quality specimens, the study population consisted of 136
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FIGURE 1 Study design and CharBADR model. (A) Flowchart of enrolled and excluded biopsies of patients with BA and controls. (B)

CharBADR model was applied to 302 scanned images. The first layer identified liver tissue (red) and the second layer segmented the liver tissue
into parenchyma (orange) and portal area (green). K7-positive areas were identified, and areas located in parenchyma were classified as
parenchymal intermediate hepatocytes (purple) and areas located in portal areas as biliary epithelium (blue). Finally, individual parenchymal
intermediate hepatocytes (circled red) were identified and calculated. (C) CharBADR results were validated with HistoQuant proportional areas,
manual scores, and liver KRT7 expression, compared to clinical outcome variables and explanatory factors. Abbreviations: BA, biliary atresia;
CharBADR, CHARacterization of Biliary Atresia—related Ductular Reaction; CXCLS8, cysteine-X cysteine motif chemocine ligand 8; DC, disease
control; KPE, Kasai portoenterostomy; MMP7, matrix metalloproteinase 7; NC, normal control.



HEPATOLOGY COMMUNICATIONS

patients with BA with 259 native liver biopsies obtained
preoperatively (n = 2), at KPE (n = 116), during protocol
post-KPE follow-up (n = 103), orat LT (n = 38) (Figure 1).
According to the national protocol in Finland, percutaneous
core needle liver biopsies are performed with ultrasound
guidance under general anesthesia for endoscopic
variceal surveillance routinely at 5-year intervals starting
1 year after KPE in addition to liver biopsies obtained at
KPE and LT.'"¥ Medical records were retrospectively
assessed for clinical data and serum liver biochemistry.
Clearance of jaundice (COJ) was defined as the decrease
of serum bilirubin below 20 pmol/L following KPE.

Cholestatic and normal controls

Liver biopsies obtained at a median age of 64 (41-2276)
days from children with other cholestatic disorders
(n = 23) were included as disease controls (Supplemental
Table S1, http:/links.lww.com/HCO/A676). Biopsies
obtained from healthy liver parenchyma during local
mesenchymal hamartoma or hepatoblastoma resection
(n = 2) or pediatric liver donors (n = 18) at median age 8.1
(2-13.8) years were used as normal controls (Figure 1).

Quantitative CHARacterization of Biliary
Atresia—related Ductular Reaction model

K7 immunohistochemistry was performed automati-
cally, and digitized images were uploaded to Aiforia
Cloud (Aiforia Technologies), a commercial platform
designed for automated histological image analysis,
where CharBADR (CHARacterization of Biliary Atresia—
related Ductular Reaction) model was applied to all
images (Figure 1).

CharBADR consists of independent nested convolu-
tional neural networks trained by a pathologist based on
a previously developed quantitative neural network
model for the analysis of DR in primary sclerosing
cholangitis.?'l The first convolutional neural network
defines intact liver tissue, and the second one segments
portal areas (PAs) and the liver parenchyma. The third
convolutional neural network identifies biliary epithelium
(BE) and the fourth one parenchymal intermediate
hepatocytes (PIH) based on K7 positivity of the
portal and parenchymal areas, respectively (Figure 1,
Supplemental Figure S1, http://links.lww.com/HC9/
A677, Supplemental Table S2, hitp://links.lww.com/
HC9/A676). PA and BE were expressed in relation to
the liver tissue area resulting in proportional PA (PA%)
and biliary epithelium (BE%), which includes portal
cholangiocytes of original and reactive proliferating bile
ducts. PIH area and cells were related to the paren-
chymal area to calculate proportional PIH area (PIH%)
and parenchymal intermediate hepatocyte density as
number of cells/mm? (PIHD). The total K7-positive area,

composed of BE and PIH, was related to the entire liver
tissue area to assess the overall proportional area of
DR (DR%) (Supplemental Figure S2, http://links.lww.
com/HC9/A678). For further details, see Supplemental
Methods, http:/links.lww.com/HC9/A676.

Conventional assessment of DR and liver
fibrosis

K7-positive bile duct proliferation corresponding BE%
and parenchymal hepatocytes corresponding PIH%
were manually scored, and proportional K7-positive
area in liver specimens was quantified using Case-
Viewer HistoQuant software. Liver fibrosis was
assessed by Metavir staging and by measuring
proportional Sirius Red positive area using HistoQuant.
Further details are provided in the Supplemental
Methods, http:/links.lww.com/HC9/A676.

Serum biomarkers and bile acids

Serum concentrations (n = 152) of FGF19, cysteine-X
cysteine motif chemocine ligand 8, and matrix metal-
loproteinase 7 were measured using ELISA. Serum
total and individual bile acids including conjugated and
unconjugated bile acids (n = 88) were quantified by
gas-liquid chromatography. For further details, see
Supplemental Methods, http://links.lww.com/HC9/A676.

Liver mRNA expression analyses

mRNA expression of liver biopsies (n = 129) was
measured by quantitative real-time PCR. Expression
levels were calculated using the AACt method. For
further details, see Supplemental Methods, http://links.
Iww.com/HC9/AB76.

Statistical analysis

RStudio (R version 4.0.3) was used for data analysis.
All continuous variables are expressed as medians and
interquartile ranges. Cross-sectional validation between
model parameters and conventional histopathological
assessments of the biopsy specimens of patients with
BA and controls were performed with root mean
squared error analyses and Spearman rank correla-
tions. Case-control analyses of patients with BA and
controls and BA subgroups were analyzed with non-
parametric Mann-Whitney U tests. In comparisons
between KPE and post-KPE biopsies, one biopsy at
KPE and the first follow-up biopsy of each patient were
included and analyzed with Wilcoxon signed rank tests.
Correlations of model parameters with liver
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biochemistry or serum biomarkers of patients with BA
were analyzed cross-sectionally using Spearman rank
correlations.

Survival analyses were performed with time-depen-
dent univariable Cox proportional hazards regression
models using continuous variables. Survival start time
was defined as the date of birth in the KPE cohort and the
date of the index biopsy in the follow-up cohort. Stop time
was the primary event or the latest follow-up appointment
in the KPE cohort. Due to repeated biopsies in the follow-
up cohort, stop time was defined as the date of the next
follow-up biopsy from the index biopsy, primary event, or
latest follow-up appointment if the index biopsy was the
last one obtained. Multivariable mixed effects time-
dependent Cox regression model was performed with
continuous variables and included CharBADR compo-
nents, HistoQuant Sirius Red, COJ, and gamma glutamyl
transferase (GGT), and was adjusted with year of
acquisition and time after KPE. Variables for multivariable
models were selected based on previous literature.[?!
The primary outcome event was defined as LT or death,
and survival time was measured in a maximum of
10 years. Survival data were visualized graphically with
Kaplan-Meier curves using dichotomic cutoffs. Wald and
log-rank tests choosing the least significant method were
used for statistical comparisons of the survival curves.
Optimal cutoffs were selected with receiver operating
characteristics analysis based on the maximum sum of
dynamic specificity and cumulative sensitivity for the
primary event in a maximum of 10 years after the index
biopsy. p values less than 0.05 were considered
statistically significant.

Ethics

The study was approved by the Research Ethics
Committee (345/13/03/03/2008) and Review Board
(§70HUS/284/2019) of Helsinki University Hospital
and by the National Health Service Research Ethics
Committee in the United Kingdom (12/WA/0282 and 18/
SC/0058). The study protocol conforms to the guide-
lines of the Declaration of Helsinki and Istanbul. An
informed consent for use of samples in research was
obtained from patients or patients’ legal guardians.

RESULTS
Clinical patient characteristics

Of the 136 patients with BA, 58% normalized their
bilirubin following KPE. Two-year, 5-year, and overall
NLS was 56%, 48%, and 38%, respectively. Follow-up
biopsies were obtained at a median of 4.58 (1.63-9.70)
years of age. Clinical patient characteristics at the time
of liver biopsy are presented in Table 1.

Validation and relation to conventional
assessments

In CharBADR model, proportional amount of BE (BE%)
(R = 0.67, p<0.001, root mean squared error=1.10)
and parenchymal intermediate hepatocytes (PIH%)
(R = 0.87, p<0.001, root mean squared error = 1.62)
showed similarity with respective manual scorings, and
overall ductular reaction (DR%) of CharBADR paralleled
the overall proportional K7 positivity using HistoQuant
(R = 0.93, p<0.001). All CharBADR biliary components
(DR%, BE%, PIH%, and PIHD) positively correlated with
liver KRT7 mRNA expression (Supplemental Figure S3,
http://links.lww.com/HC9/A679, Supplemental Table S3,
http://links.lww.com/HC9/A676). PA%, reflecting portal
fibrogenesis—associated portal tract expansion, corre-
lated with Metavir fibrosis stage (R = 0.56, p<0.001)
and proportional Sirius Red fibrosis area (R = 0.64,
p<0.001) (Supplemental Figure S3, http:/links.lww.
com/HC9/A679). CharBADR biliary components, PA%,
and KRT7 expression were increased in BA biopsies
compared to cholestatic and normal control biopsies
(Supplemental Figure S2, http://links.lww.com/HC9/
AG78).

CharBADR predicted KPE outcomes

At KPE, DR%, PIH%, and PIHD were increased among
patients who did not clear their jaundice compared to
patients normalizing their bilirubin after KPE (Figure 2).
The difference in BE% did not reach statistical
significance.

In univariable Cox regression models, all CharBADR
biliary components were highly predictive for inferior NLS
(Supplemental Table 4, http://links.lww.com/HC9/A676),
whereas PA%, Metavir fibrosis stage [HR: 1.24 (95% CI:
0.94-1.64), p = 0.14], and Sirius Red quantification [HR:
1.00 (95% CI: 0.97-1.04), p = 0.96] were not (Supple-
mental Table S4, http://links.lww.com/HC9/A676). When
CharBADR biliary components were dichotomized with
optimal cutoffs, patients with higher values showed
decreased cumulative NLS (Figure 2, Supplemental
Table S5, http:/links.lww.com/HC9/A676). The decrease
in cumulative NLS was most prominent for higher DR%
and BE% and centered around 2 years following KPE.
Accordingly, DR% was lower at KPE among patients
who were surviving with their native livers at 2 years, but
not at 5 years (Figure 3).

CharBADR associated with age and liver
injury at KPE

At KPE, patients with cystic BA showed lower BE%
[3.6% (2.7-4.7)] than those with noncystic BA [6.1%
(3.5-9.2), p = 0.04]. CharBADR biliary components
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TABLE 1 Clinical characteristics, serum liver biochemistry, and conventional liver histopathology of patients with BA according to the timing of

liver biopsy
All patients At KPE Post-KPE
Patients, n® 136 116 76
Liver biopsies, n 259 116 141
Place of care, n (%)

Helsinki, Finland 83 (61) 63 (54) 76 (100)
London, UK 53 (39) 53 (46) 0 (0)
Male, n (%) 59 (43) 51 (44) 36 (47)

Type of BA, n (%)
1or2 7 (5) 5 (4) 7(9)
3 126 (93) 111 (96) 66 (90)
Unclear 3(2) 0 (0) 3 (4)
Cystic disease, n (%)° 16 (12) 16 (14) 8 (11)
Splenic malformation, n (%) 18 (13) 14 (12) 10 (13)
Isolated disease, n (%) 102 (75) 88 (76) 53 (70)
Age at KPE, d 64 (41-84) 64 (41-84) 63 (41-85)
Clearance of jaundice, n (%)° 77 (58) 66 (59) 50 (67)
QOutcome, n (%)
Native liver 51 (38) 44 (38) 35 (46)
Died with native liver 6 (4) 6 (5) 1(1)
LT 72 (53) 64 (55) 33 (43)
Died after LT 7 (5) 2 (2) 7(9)

Native liver survival, y

2-year native liver survival, n (%, 95% CI)¢
5-year native liver survival, n (%, 95% CI)¢

Age at liver transplantation, y
Liver biochemistry at biopsy

3.27 (0.99-8.52)
76 (56, 48-65)
65 (48, 40-57)
1.44 (0.84-2.82)

3.54 (0.99-8.29)
66 (57, 48-66)
55 (48, 38-57)
1.37 (0.84-2.51)

5.14 (1.40-11.89)
47 (62, 50-73)
46 (61, 49-71)
1.45 (0.85-5.50)

Bilirubin, umol/L 99 (12-168) 153 (125-195) 13 (7-51)
Conjugated bilirubin, umol/L 58 (5—123) 117 (94-144) 7 (3-33)
ALT, U/L 83 (40-140) 121 (82-198) 57 (30-113)
AST, U/L 127 (66—226) 201 (122-284) 87 (51-153)
GGT, U/L 167 (52—452) 432 (230-804) 60 (28-154)
APRI 1.15 (0.57-2.13) 0.91 (0.55-1.59) 1.42 (0.59-2.28)
Liver histopathology
BE score, 0-2 2 (1-2) 2 (1-2) 1(1-2)
PIH score, 04 2 (1-3) 1(1=2) 2 (1-3)
HistoQuant K7 positivity, % 5.29 (2.91-10.57) 5.70 (3.45-9.02) 4.96 (2.34-11.79)
Metavir fibrosis stage, 0—4 3 (24) 3 (2-3) 4 (2-4)

HistoQuant Sirius Red, %

14.87 (8.76-26.02)

10.48 (8.08-17.11) 20.59 (14.11-31.32)

Note: Reference value for bilirubin <20 umol/L, conjugated bilirubin 0-5 umol/L, ALT <40 U/L, AST <50 U/L, and GGT <50 U/L.
Fifty-six patients had biopsies obtained both at KPE and post-KPE follow-up and 32 patients had repeated post-KPE follow-up biopsies. Data are presented as

median with interquartile range or frequencies.
PInformation of 5 patients was not available.
CInformation of 4 patients was not available.
9Information of 1 patient was not available.

Abbreviations: ALT, alanine aminotransferase; APRI, AST to platelet ratio index; AST, aspartate transaminase; BA, biliary atresia; BE, biliary epithelium; GGT, gamma
glutamyl transferase; KPE, Kasai portoenterostomy; LT, liver transplantation; PIH, parenchymal intermediate hepatocyte.

correlated positively with KPE age, serum FGF19, Sirius
Red—quantified fibrosis, and serum liver biochemistry
values other than GGT (Supplemental Figure S4, http://
links.lww.com/HC9/A680, Supplemental Table S6, http://
links.lww.com/HC9/A676). BE% (R = 0.47, p<0.001)

and DR% (R = 0.43, p <0.001) also correlated with the
Metavir fibrosis stage. Serum bile acids had no mean-
ingful associations with CharBADR components at
KPE (Supplemental Table S6, http:/links.lww.com/HC9/
AB76).
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FIGURE 2

DR at KPE was increased in patients with inferior short-term and long-term outcomes. (A) DR%, (B) BE%, (C) PIH%, and (D) PIH

density of KPE biopsy specimens according to COJ and Kaplan-Meier native liver survival curves according to optimal cutoffs at KPE (n = 115).
Optimal cutoffs were selected with receiver operating characteristics analysis based on the maximum sum of specificity and sensitivity. Violin plots
display median, interquartile range, and individual data points. The shaded areas of Kaplan-Meier curves represent 95% CIl. Abbreviations: BE,
biliary epithelium; COJ, clearance of jaundice; DR, ductular reaction; KPE, Kasai portoenterostomy; PIH, parenchymal intermediate hepatocyte.
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2 years, and (D) 5 years after follow-up biopsy. Abbreviations: DR,
ductular reaction; Ex, exitus; KPE, Kasai portoenterostomy; LT, liver
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CharBADR in post-KPE follow-up biopsies
predicted NLS

In univariable Cox regressions, high DR%, BE%, and
PIH% in follow-up biopsy specimens predicted inferior
NLS (Supplemental Table S7, http://links.lww.com/HC9/
A676, Supplemental Table S8, http://links.lww.com/HC9/
A676). Interestingly, PA%, Metavir stage [HR: 1.17
(95% CI: 0.61-2.21), p = 0.63], or Sirius Red-
quantified fibrosis [HR: 1.00 (95% CI: 0.96-1.05),
p = 0.91] were not predictive for NLS at follow-up
(Supplemental Table S7, http:/links.lww.com/HC9/
A676). The prognostic abilites of DR% and PIH%
maintained in a multivariable model including COJ, Sirius
Red—quantified liver fibrosis, and GGT adjusted with the
year of acquisition and time after KPE (Supplemental
Table S9, http://links.lww.com/HC9/AG76).

In follow-up biopsy specimens, DR%, PIH%, and
PIHD remained markedly increased during the follow-up
period in different age groups of patients who eventually
received LT compared to native liver survivors (Figure 4).
The differences were not as significant for BE%, which
reduced distinctly beyond 2 years after KPE in both
groups. When NLS after each follow-up biopsy was
assessed with dichotomized optimal cutoffs, patients with
higher CharBADR biliary components showed markedly
decreased subsequent cumulative post-biopsy NLS
(Figure 4). These findings remained similar when

specimens obtained at the time of LT were removed
from the analyses (Supplemental Figure S5, http://links.
Iww.com/HC9/A681). Importantly, the negative prognos-
tic abilty of CharBADR persisted throughout the
follow-up as the NLS curves for DR%, BE%, PIH%,
and PIHD progressively diverted from each other, and
absolute differences in DR%, PIH%, and PIHD between
native liver survivors (NLS) and transplanted patients
grew more distinct during follow-up (Figure 4). Follow-up
DR% was lower among patients who normalized their
serum bilirubin after KPE (Figure 5), and among those
who were surviving with their native livers both at 2 years
and at 5 years after the index biopsy (Figure 3).

When only patients with both KPE and at least one
follow-up biopsy were included (n = 56), BE%
decreased and PIH% increased in post-KPE follow-up
specimens (Figure 5). Patients with a primary event
during follow-up (n = 28) showed a prominent increase
in DR% from 7.9% (4.3-11.4) to 9.9% (6.0-17.1;
p=0.04) and PIH% from 1.6% (0.7-2.7) to 2.4%
(1.2-11.4; p = 0.009), whereas BE% decreased from
5.5% (3.2-6.6) to 3.0% (2.2-5.5; p = 0.03) and PIH%
remained low [0.9% (0.5-1.5) vs. 1.3% (0.1-5.0),
p = 0.11] among native liver survivors (Figure 5).

CharBADR correlated with serum bile acids
and liver fibrosis at post-KPE follow-up

CharBADR biliary components correlated negatively
with age at biopsy and positively with serum bile acids
and liver biochemistry values including GGT and serum
cysteine-X cysteine motif chemocine ligand 8 and
matrix metalloproteinase 7, but not with FGF19
(Figure 6, Supplemental Table S10, http:/links.lww.
com/HC9/A676). CharBADR components were also
positively correlated with Metavir fibrosis stage [DR%
(R = 0.59, p<0.001), BE% (R = 0.52, p<0.001), PIH
% (R = 0.53, p<0.001), and PIHD (R = 0.52,
p<0.001)] and with Sirius Red quantification (Supple-
mental Table S10, http://links.lww.com/HC9/AG76).

At post-KPE follow-up, all CharBADR biliary compo-
nents correlated strongly with serum total primary bile
acids, as well as cholic and chenodeoxycholic acids
individually. These correlations were most pronounced for
PIH% and PIHD (Figure 6, Supplemental Table S10). The
concentration of ursodeoxycholic acid (UDCA) was highest
among individual serum bile acids, likely caused by UDCA
treatment in 72 (95%) patients during follow-up. Like
primary bile acids, UDCA was highly correlated with all
CharBADR biliary components, being the most abundant
bile acid in patients with extensive PIH% at follow-up
(Figure 6, Supplemental Table S10, http:/links.lww.com/
HC9/A676). Still, when including all bile acids except for
UDCA, positive correlations with PIH% (R = 0.66,
p<0.001), PIHD (R = 0.66, p<0.001), BE% (R = 0.42,
p = 0.002), and DR% (R = 0.59, p<0.001) were
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FIGURE 4 DR persisted and predicted decreased native liver survival during follow-up. (A) DR%, (B) BE%, (C) PIH%, and (D) PIH density in
patients with follow-up biopsies at KPE and during follow-up according to age [KPE (n = 116); 0-2y (n = 55); 2-6y (n = 37);6-12y (n = 32); > 12y
(n = 17)] and subsequent LT or NL survival at latest follow-up, and Kaplan-Meier native liver survival curves according to optimal cut points calculated
with receiver operator characteristics analyses. The median time from protocol follow-up biopsy to LT was 4.3 (2.4-6.6) years. Violin plots display
median, interquartile range, and individual data points. The shaded areas of Kaplan-Meier curves represent 95% CI. Abbreviations: BE, biliary

epithelium; DR, ductular reaction; KPE, Kasai portoenterostomy; LT, liver transplantation; NL, native liver; PIH, parenchymal intermediate hepatocyte.

maintained. No associations of CharBADR components and all individual bile acids, except deoxycholic acid, were
with other secondary bile acids, deoxycholic or lithocholic predictive for NLS in univariable Cox regression models
acids, were observed. At post-KPE follow-up, serum total (Supplemental Table S11, http://links.lww.com/HC9/AG76).
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FIGURE 5

BE decreased and PIH increased after KPE. (A) DR% in follow-up liver specimens according to COJ. Changes in (B) BE% and (C)

PIH% after KPE in patients with both KPE and follow-up biopsy. Changes in (D) DR%, (E) BE%, and (F) PIH% in individual patients after KPE
according to native liver survival. Violin plots display median, interquartile range, and individual data points. Abbreviations: BE, biliary epithelium;
COJ, clearance of jaundice; DR, ductular reaction; Ex, exitus; FU, follow-up; KPE, Kasai portoenterostomy; LT, liver transplantation; NL, native

liver; PIH, parenchymal intermediate hepatocyte.

DISCUSSION

In the present study, we assessed DR by applying a
novel histopathological neural network to 259 K7-
stained liver biopsy specimens in patients with BA. At
KPE, prominent DR was associated with failure to
resolve cholestasis and, unlike liver fibrosis, predicted
decreased NLS. While PIHs became the prevailing
element of DR in native liver survivors after KPE, the
predictive ability of DR was sustained in follow-up liver
specimens. During post-KPE follow-up, DR was closely
correlated with serum bile acids, emphasizing the
potential role of accumulated bile acids promoting DR
after KPE.[26:27]

In accordance with our findings, high DR at KPE,
assessed with manual scorings or conventional com-
puter-aided methods, has been associated with
decreased COJ rate and NLS in studies with a limited
number of patients and follow-up.['518] Here, the robust
prognostic effect of DR for NLS at KPE was mainly
underpinned by the expansion of BE (BE%) by
proliferating bile ducts and it lasted for around 2 years
until the survival curves paralleled. In line with these
findings, BE% abruptly decreased in follow-up biopsy
specimens obtained beyond 2 vyears after KPE,
demonstrating that patients with persisting extensive
bile duct proliferation had required LT by that time.
Moreover, in patients with liver biopsies obtained both at
the time and after KPE, BE% decreased among those

who continued to survive with their native livers.
Although liver fibrosis was not predictive for NLS at
KPE, it was associated with DR in line with previous
studies in BA41528291 gnd various adult liver
diseases.[81121,30-32] Aggociations of CharBADR biliary
components with KPE age and serum liver biochemistry
as well as lower BE% in patients with cystic BA further
support the central role of DR in BA liver injury. A
younger KPE age and cystic BA are established
positive prognosticators for NLS.[3:3]

In the present study, we showed for the first time that
high DR also at post-KPE follow-up predicted subse-
quent NLS, while PIHs became the dominant constituent
of DR and largely replaced BE (BE%) in patients who
survived with their native liver beyond 2 years. Although
successful KPE modified the main features of DR, it
maintained its close associations with liver fibrosis and
biochemical markers of liver injury. Previously, excessive
DR has been associated with the progression of various
adult liver diseases, such as the occurrence of steato-
hepatitis in NAFLD and decompensation in hepatitis C
cirrhosis.[343% Other studies have reported DR to be
associated with higher MELD scores in alcoholic
hepatitis and high alkaline phosphatase levels in primary
biliary cholangitis.[323¢1 DR also predicted the develop-
ment of cholangiocarcinoma and liver-related death in
primary sclerosing cholangitis?? as well as overall
survival in patients with hepatitis C cirrhosis and alcoholic
hepatitis.[34:37]
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Although DR’s link to the progression of liver injury is
indisputable, the underlying mechanisms of DR remain
unclear in patients with BA.*843 |n preclinical models
mimicking BA, blocking Notch signaling decreases
cytokeratin-19 expression suggesting that DR arises from
hepatic progenitor cells or transdifferentiating hepato-
cytes instead of self-proliferating cholangiocytes.[8:38:44] |n
line with this, PIHs, rather than BE, were increased in
follow-up specimens among patients requiring subse-
quent LT. In addition, serum bile acid levels were tightly
correlated with CharBADR biliary components after KPE,
especially cholic acid with PIHs. Accumulated taurocho-
late has been shown to induce biliary differentiation of
progenitor cells in DR as well as cholangiocyte
proliferation, 26271 suggesting that bile acids may have
contributed to biliary transformation of hepatocytes (PIH).
In line with our findings, a recent study linked high total
serum bile acids measured at 6 months after successful
KPE to decreased NLS and development of portal
hypertension.S! In another study, serum FGF19 meas-
ured at KPE predicted NLS with an association with
DR.125 Herein, CharBADR biliary components showed
positive correlations with serum FGF19 at KPE, but not at
post-KPE follow-up. While reasons for these reversed

associations of FGF19 and bile acids require further
investigations, they indicate differential regulation of DR in
different stages of BA. Accordingly, serum matrix metal-
loproteinase 7 and cysteine-X cysteine motif chemocine
ligand 8, which have been previously connected with the
progression of DR following KPE,252681 showed more
uniform and stronger correlations with CharBADR com-
ponents during follow-up than at KPE.

Despite being one of the largest native liver biopsy
materials in BA reported thus far, and the first one to
address DR after KPE, one limitation of our study is
that serial biopsies obtained at the time and after KPE
were not available for all patients. To control the
variable number and timing of follow-up biopsies due
to clinical constraints, patients were grouped into
different age groups, and post-biopsy NLS was
analyzed with time-dependent models. Only KPE
biopsy specimens were available from the other
center, although previously reported surgical and
medical approaches and outcomes were comparable
between the participating units.l'446! Uniform cohorts
predispose statistical thresholds to bias, hence the
results should be validated with an independent series
of BA biopsies in the future. We only analyzed serum
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total concentrations of bile acids, but previous studies
have confirmed that serum bile acids are exclusively
conjugated in patients with BA both at and after
successful KPE.#5471 Also, some variability in the
timing of immunohistochemistry and scanning of cut
sections may have predisposed automated analysis to
unexpected analytical inaccuracies. However, the
main strengths of neural network image analysis
include the lack of inter- and intraobserver human
variability and the ability to quantify validated contin-
uous variables.

All in all, our findings demonstrate a central role for
DR in predicting outcomes of KPE that surpassed liver
fibrosis. Although DR at KPE was dominated by the
expansion of BE with correlation to FGF19, PIHs
became the prevailing DR element among long-term
native liver survivors with a close association to
accumulated serum bile acids. Further understanding
of differential regulation and the contribution of the bile
acids-FGF19 axis to DR at different stages of BA is
important for the development of efficient therapeutic
approaches.
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